The purpose of this study was to evaluate the use of 2D ultrasound elastography to assess tendon tissue motion and strain under axial loading conditions. Four porcine flexor tendons were cyclically loaded to 4% peak strain using a servo hydraulic test system. An ultrasound transducer was positioned to image a longitudinal cross-section of the tendon during loading. Ultrasound radiofrequency (RF) data were collected at 63 frames per second simultaneously with applied force and crosshead displacement. A grid of nodes was manually positioned on an ultrasound image of the unloaded tendon. Small kernels (2 Â 1 mm) centered at each node were then cross-correlated with search regions centered at corresponding nodal locations in the subsequent frame. Frame-to-frame nodal displacements were defined as the values that maximized the normalized cross-correlations. This process was repeated across all frames in the loading cycle, providing a measurement of the 2D trajectories of tissue motion throughout the loading cycle. The high resolution displacement measures along the RF beam direction were spatially differentiated to estimate the transverse (relative to tendon fibers) tissue strains. The nodal displacements obtained using this method were very repeatable, with average along-fiber trajectories that were highly correlated (average r¼ 0.99) with the prescribed crosshead displacements. The elastography transverse strains were also repeatable and were consistent with average transverse strains estimated via changes in tendon width. The apparent Poisson's ratios (0.82-1.64) exceeded the incompressibility limit, but are comparable to values found for tendon in prior experimental and computational studies. The results demonstrate that 2D ultrasound elastography is a promising approach for noninvasively assessing localized tissue motion and strain patterns.
Introduction
Tendon injuries can be both chronic and debilitating. Tendinopathy, for example, is a painful overuse injury in which a localized region of tendinous tissue has degenerated (Maganaris et al., 2004; Sharma and Maffulli, 2005) . Clinically, tendinopathies are challenging to resolve, which is due, in part, to the inconsistent response of patients to treatment protocols (Sharma and Maffulli, 2005) . Thus, new imaging techniques are needed to elucidate the implications of localized tendon damage on function, and to quantitatively assess the effects of tissue repair or regeneration as a measure of treatment efficacy (Fleming and Beynnon, 2004) . The development and use of new ultrasound analysis techniques can contribute to this goal by providing noninvasive assessments of tissue mechanics.
Ultrasound has become a ubiquitous tool in biomechanics for measuring tendon motion and strain in response to active muscle contractions. The most common method involves the collection and analysis of cine B-mode images of a tendon during loading and/or movement of the joint. The motion of an anatomical landmark(s) (e.g. the muscle-tendon junction) can be tracked across successive images to estimate average tendon strain (Maganaris, 2003; Maganaris and Paul, 1999; Maganaris and Paul, 2002; Peixinho et al., 2008) . Prior studies using this method have provided fundamental insights into the relative stretch across the tendon, aponeurosis and muscle fascicles during in vivo loading conditions (Arampatzis et al., 2005; Arndt et al., 1998; Finni et al., 2003; Magnusson et al., 2003; Muramatsu et al., 2001) . However, the anatomical feature tracking technique does not provide information on strain distributions, and therefore cannot assess the effect that tissue damage may have on localized tissue deformation.
Ultrasound elastography is an innovative technique for noninvasively assessing strain distributions within biological tissues. In standard elastography, ultrasound radiofrequency (RF) data are collected from a tissue in undeformed and deformed states (Varghese, 2009) . The phase information inherent in the RF data can be used to accurately track the displacement of speckle patterns within the tissue along the ultrasound beam direction (Ophir et al., 1991) . Spatial differentiation of displacement data is used to estimate the strain variations within the tissue (O'Donnell et al., 1994) . Elastography has proven effective for detecting anomalies in soft tissues such as the breast, liver and thyroid, with deformation induced via simple manual compression of the tissue with the transducer (Inoue et al., 2010; Itoh et al., 2006; Lyshchik et al., 2005; Zhi et al., 2007) . A few prior studies have assessed tendon deformation using this standard elastographic approach (De Zordo et al., 2009; Drakonaki et al., 2009 ). However, manual compression does not provide insights into how tendinous tissue will deform with active muscle loading, and thus likely does not represent the deformation patterns relevant to injury and rehabilitation.
A major challenge in elastographic imaging of normal tendon loading is that the primary direction of tissue motion is parallel to the surface of the skin, and therefore perpendicular to the ultrasound beam direction. Accurate 2D motion tracking is required to ensure that strains are computed for each tissue region as the tendon is translating within the image window. This can be difficult because the lateral resolution of ultrasound RF data is substantially lower than the along-beam resolution (Bohs and Trahey, 1991; Lopata et al., 2009; Ophir et al., 1999) . A second challenge is that tendon can undergo large motion and deformation with muscle contraction, requiring that care must be taken to ensure that the tissue remains within the imaging plane and that accumulated motion is tracked over time. The purpose of this study, therefore, was to assess the capacity to use cine imaging and recent advances in 2D elastography (Chen et al., 2004; Ebbini, 2006; Huang and O'Donnell, 2010; Jiang and Hall, 2009; Lubinski et al., 1999) to evaluate tendon tissue motion and strain patterns under well-controlled axial loading conditions. We chose to use an ex vivo model such that applied force and displacement information could be directly compared to motion and strain data obtained using elastography. The results show a strong correlation between external and image-derived measures of tissue motion, suggesting that elastography shows promise as a tool for noninvasively assessing the relationship between tendon deformation and injury.
Methods
We performed mechanical testing on four porcine flexor tendons using a servo hydraulic mechanical test system (Bionix858; MTS, Minneapolis, MN) with a custom bath (Fig. 1) . The tendons were dissected from six-month old porcine specimens that were sacrificed for an unrelated study. The bony end of the tendon was secured in a metal block which was then loaded in a fixed grip. The insertion site was left intact at the distal end and embedded in lightweight filler (Evercoat, Cincinnati, OH). Tendons were kept hydrated with a phosphate buffered saline (PBS) solution during preparation. The specimens were wrapped in a PBS soaked towel and placed in a freezer in the time between dissection and testing. Tendons were fully thawed prior to mechanical testing. The insertion end of the tendon was then secured in a grip on the test machine crosshead that was attached to a 50 lb load cell (Eaton Corporation, Cleveland, OH), and testing was performed in a PBS solution filled bath. A 10 MHz, 38 mm wide linear array transducer (L14-5W/38, Ultrasonix Corporation, Richmond, BC, Canada) was secured in a holder and submerged in the bath such that RF data were provided from the midsection of the tendon. The transducer was aligned in the direction of the tendon fibers, and placed along the center axis of the tendon such that data were collected through the depth of the tendon from a longitudinal cross-section. Crosshead displacement and load cell data were simultaneously recorded with the ultrasound RF data.
Tendons were initially stretched to the point of onset of force development. The tendons were then pre-conditioned with cyclic stretch to 2% strain for ten cycles. Following a seven minute rest period, the tendons were sinusoidally stretched at 0.5 Hz to 4% peak strain for ten consecutive cycles. Ultrasonic RF data were collected over the final three cycles of motion. Three trials were performed for each specimen, with seven minutes of rest between cycles, such that data from a total of nine loading cycles were collected for each specimen. RF data were collected at a frame rate of 63 frames per second over a 38Â 30 mm image window. The image resolution was 128 Â 1560, which provided a pixel size of 0.297 Â 0.019 mm. It is notable that the beam direction resolution was substantially greater than the resolution in the direction perpendicular to the beam. Calipers were used to measure the two major diameters of the tendon cross-section prior to loading, and the cross-sectional area was computed by assuming that the tendon had an elliptical profile (Arruda et al., 2006) . A 2D ultrasound elastography algorithm was used to track tissue motion throughout each loading cycle (Fig. 2) . To determine the tendon slack length, we measured the tendon length at the frame for which the applied force first . Frame-to-frame tissue speckle tracking was performed by first defining nodes in Frame i and then centering kernels (2 Â 1 mm) around the nodes (only one node is shown for illustrative purposes). Cross-correlations are then computed between the kernel and a search window (2.8 Â 1.4 mm) in Frame iþ 1. The sharp peak in the crosscorrelation function in the beam direction results from the phase information in RF data. The sub-pixel nodal displacements that maximize the correlation were found by fitting a 2D quartic spline to the correlation function near the nominal peak. The nodal positions are then updated (note: displacement vector is exaggerated for illustrative purposes) and the process is repeated for all frames within a loading cycle.
exceeded 5% of the peak tendon force. Tissue motion was then tracked until the frame at which the applied force dropped below 5% peak force. The RF images, force and displacement data for this time period were extracted. At each frame, cubic spline interpolation was used to upsample the RF data by a factor of 4 and 2 in the along-fiber (x) and along-beam (y) directions, respectively (Parker et al., 1983) (Table 1) . Upsampling was performed to increase the spatial density of the correlation functions that were used to track tissue motion (Konofagou and Ophir, 1998) . We then created a B-mode image of the unloaded tendon, and manually placed a grid of nodes along $ 25 mm regions in the mid-tendon portion (Fig. 3a) . The nodes were positioned every 1.0 and 0.5 mm along the x and y directions, and kernels (2 Â 1 mm) were centered on the nodes. The nodes were positioned purposefully to ensure that the kernels used to estimate nodal displacements remained within the boundaries of the tendon throughout the loading cycle. Frame-to-frame displacements were computed using a 2D normalized crosscorrelation technique. Specifically, RF data within a kernel centered at the current node location were cross-correlated with RF data in a search region (2.8 Â 1.4 mm) at the same location in the subsequent frame. The gross kernel displacements were first computed by finding the position that maximized the 2D correlation function. Sub-pixel displacements were then computed by fitting a 2D quartic spline to a 5 Â 5 matrix of normalized correlations centered at the gross displacement value (Azar et al., 2010) . A correlation threshold of r¼ 0.7 was used to discriminate valid displacement information (Farron et al., 2009; Korstanje et al., 2009 Korstanje et al., , 2010 . Frame-to-frame displacements were median filtered (3 Â 3 nodes) (Thitaikumar et al., 2008) , and node positions were then updated by subsequently adding on the filtered displacements. These steps were repeated for all frames in a loading cycle to obtain the cumulative 2D displacement of each node. Motion tracking was also performed in the reverse direction by starting at the last frame and incrementing toward the first frame. A weighted average of the forward and backward nodal trajectories was then computed such that the final nodal trajectories were ensured to be cyclic in nature (Pelc et al., 1995) .
Tissue strains in the y-direction (e yy ) were computed by numerically differentiating (3 point finite difference) the nodal y-displacement data relative to the initial nodal positions, and using a small strain approximation (Fig. 3b) . The apparent Poisson's ratio was computed by taking the ratio of the negative transverse (e yy ) strain over the applied along-fiber (e xx ) strain from the final 50% of the loading phase (Smith et al., 1999) . The change in transverse tendon width between the relaxed and stretched states was separately assessed via visual analysis of the B-mode images (Iwanuma et al., 2011) . To do this, tendon width was measured at five locations along the tendon based on the center of the region of interest. The average transverse strain of the entire ROI was then computed based on the change in width at the five locations normalized to the unloaded tendon width. Analysis using both strain measurement techniques was repeated three times for each loading cycle to evaluate repeatability.
Results
The average elastographic nodal displacements along the tendon fascicle direction (x) agreed well with the prescribed crosshead displacements. Force-displacement curves derived from both measures demonstrated similar nonlinear strainstiffening behavior (Fig. 4a) . The along-fiber and crosshead displacements were highly linearly correlated, with average r 2 values greater than 0.98 (Fig. 4b) . The ratio of along-fiber to crosshead displacement differed between specimens, but was extremely repeatable within the nine cycles for each specimen. The average transverse strains at the most stretched frame varied between specimens, ranging from À 2.5 to À 8.5%. Average transverse strain magnitudes were comparable to measures of tendon width change, but exhibited substantially less variability across loading cycles (Fig. 5) . Table 1 Parameters used for 2D elastographic tracking of tissue motion.
Along-fiber (x)
Along-beam (y) At low strains, the average transverse strain magnitude within the ROI increased at a faster rate than the applied strain (Fig. 6a) . The apparent Poisson's ratios computed using strains from the last half of the loading cycle ranged from 0.8 to 1.64 (Fig. 6b) . Within a specimen, the coefficient of variation for the apparent Poisson's ratio ranged from 6-22% across the four specimens.
Discussion
This study was undertaken to evaluate the use of 2D elastography to assess tendon tissue motion and deformation with axial loading. We found that along-fiber displacement curves obtained via elastography correlated highly with the applied crosshead displacement, which is expected if the deformation pattern along the tendon axis is relatively invariant with loading. The elastographic transverse strain magnitudes differed between specimens, but all specimens exhibited a monotonic increase with the applied grip-to-grip strains (Fig. 6a) . The apparent Poisson's ratio estimates exceeded 0.5 for all the tendon specimens, a phenomenon that has been previously been observed using other techniques (Cheng and Screen, 2007; Lynch et al., 2003; Vergari et al., 2011) . All elastographic measures of displacement and strain were relatively consistent between repeat loading cycles of a specimen. Hence, we believe that RF elastography is a promising new approach for noninvasively measuring tissue motion and deformation under axial loading conditions.
Ultrasound is often used in biomechanics to measure average in vivo tendon motion and stretch with loading. This is commonly accomplished by collecting ultrasound B-mode images during a musculotendon contraction, and then retrospectively tracking the motion of an anatomical landmark at one end of the tendon (e.g. a muscle tendon junction) in the images. The motion at the other end of the tendon is then either estimated (Maganaris, 2003; Maganaris and Paul, 1999, 2002; Peixinho et al., 2008) or is tracked using a second transducer (Arndt et al., 2006) . The difference in displacements between the two ends of the tendon provides an estimate of average tendon stretch (Arndt et al., 2006; Kongsgaard et al., 2011; Maganaris, 2003; Maganaris and Paul, 1999, 2002; Peixinho et al., 2008) . The complex temporal relationship between average tendon and muscle fascicle stretch has been elucidated using such techniques (Fukunaga et al., 2002) . However, this anatomical feature tracking approach can only provide an estimate of average strain and thus cannot distinguish strain variations within the tissue that are considered relevant to localized tendon injuries (Maganaris et al., 2004; Sharma and Maffulli, 2005) .
Ultrasound elastography is an automated imaging based tool for characterizing spatial variations in tissue motion and strain. Fundamental to elastography is the use of RF data, which allows one to use small shifts in the phase of the reflected sound wave to ascertain the motion of speckles along the ultrasound beam direction (Varghese, 2009) . In fact, a recent theoretical study showed that elastographic motion estimates obtained using RF data resulted in more accurate displacement measures than what can be obtained using B-mode images (Lopata et al., 2009) . To assess this effect in our data, we computed the full width half maximum (FWHM) of the autocorrelation of the region of interest within the tendon for all images. Correlations obtained with RF data exhibited a sharper peak than those obtained from the Bmode data, with the average FWHM found to be 0.12 mm and 0.45 mm, respectively. FWHM was substantially larger (2.7 mm) in the direction perpendicular to the ultrasound beam, which is related to the difference in spacing between the RF lines (0.296 mm) and between the samples along the beam direction (0.019 mm). Although lateral motion tracking is less precise, the importance of 2D motion tracking has increasingly been recognized, and previous studies have used a variety of techniques to attain 2D elastographic tracking including plane strain assumptions (Lubinski et al., 1996; Righetti et al., 2003) , synthetic phase (Chen et al., 2004; Huang and O'Donnell, 2010) and 2D crosscorrelation techniques (Ebbini, 2006; Kaluzynski et al., 2001; Trahey et al., 1987) . We chose to use the 2D normalized crosscorrelation function with quartic spline interpolation, because it has been shown to result in substantially lower bias errors than using lower-order polynomial or cosine fits to the correlation function (Azar et al., 2010 ). An inherent advantage of the elastographic technique is that it is capable of estimating strain variations within the image window, which obviates the need for multiple transducers or making assumptions about motion outside the image window. The apparent Poisson's ratios found in this study ranged from 0.82 to 1.64. These values are comparable to literature estimates of Poisson's ratio ranging from 0.55 to 2.98 for tendon (Cheng and Screen, 2007; Lynch et al., 2003; Vergari et al., 2011) found using other methods, and is consistent with the findings for other transversely isotropic materials (Lempriere, 1968 ). An apparent Poisson's ratio greater than 0.5 exceeds the incompressibility limit for isotropic materials, and reflects volume loss with stretch (Lanir et al., 1988) . Physiologically, it is possible that this volume loss could arise from the exudation of fluid during stretch. A recent micromechanical tendon model investigated this issue and found that the apparent Poisson's ratio can greatly exceed the incompressibility limit, and its value is heavily dependent on the helical pitch and crimp angles of the fibers (Reese et al., 2010) . In addition, the helical organization of tendon fibrils result in a load-dependent Poisson's ratio, with the highest values for strains below $ 1.5% (Reese et al., 2010) . Similarly, we found the transverse strains increased faster than the applied strains at low loads, before settling to a more constant ratio at higher loads (Fig. 6a) . The strong dependence of Poisson's ratio on specific structural features may explain the variation between specimens that have been noted in other studies (Cheng and Screen, 2007; Lynch et al., 2003; Vergari et al., 2011) , as well as in the current study. The elastographic transverse strain patterns were nonuniform across the tendon, but highly consistent between repeat loading cycles and generally consistent with tendon width measures as ascertained from the B-mode images (Fig. 5) . Nonuniform strain patterns have also been observed when using optical markers to track surface strains (Cheng and Screen, 2007) , and could reflect variations in morphological structure as well as experimental factors such as specimen mounting and gripping.
As with other ultrasound approaches, we were only able to track tissue motion that occurred within the image window. We sought to minimize potential out-of-plane motion by fixing the transducer in space to continuously capture images from a crosssection of the tendon along the direction of the tendon fibers. We also collected RF data at a frame rate of 63 frames per second such that frame-to-frame motion was relatively low. The small frameto-frame displacements increased the potential to keep scatterers in view, which decreases the effect of out-of-plane motion and therefore enhances the ability to accurately track motion (Ophir et al., 1999) . The normalized cross-correlations of kernels were quite high (average r ¼0.99), reflecting a small amount of decorrelation was occurring between successive frames. A lower frame rate (33.5 Hz) was considered by skipping a frame in the tracking process. This reduced the correlations slightly (average r ¼0.98), but did not appreciably affect the cumulative tracking results. We note that when using incremental elastographic techniques it becomes more challenging to keep the region of interest within the image window if the tissue undergoes large rigid body motion or extremely large deformation. This is more likely to occur if the technique is used to track aponeurosis and muscle tissue motion. Therefore, in future studies, it will be important to assess the effects of out-of-plane motion on elastographic strain measures along and transverse to the sound beam, an issue which may be well suited for investigation with an ultrasound phantom.
In conclusion, we have demonstrated the potential to use 2D ultrasound elastography to quantitatively assess tendon tissue motion and strains with loading that are consistent with experimental measures and previous studies. The approach provides regional strain information that could prove relevant for quantitatively assessing tissue strain patterns following injury and clinical treatment.
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